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Abstract 
The inhibiting effect of phosphates and polyphosphates on the precipitation rate of calcium sulfate 
dihydrate (gypsum) in sodium chloride solutions has been studied using constant composition technique 
in which the super-saturation and ionic strength were maintained constant at 25oC. The presence of 
phosphoric acid H3PO4, orthophosphate NaH2PO4, metaphosphate Na2HPO4,pyrophosphate PYP and 
hexametaphosphate HMP, even at relatively low concentration 10-6 M, markedly reduced the rates of 
precipitation. The action of additives can be interpreted in terms of adsorption, following the Langmuir 
isotherm, of additives at the active crystal growth sites. Dependence of the degree of inhibition with the 
change in driving force has been observed. The order of the degree of inhibition on the rate of 
precipitation of gypsum for various additives studied is as follows : H3PO4 > NaH2PO4 > Na2HPO4> 
HMP > PYP. 
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1. Introduction 
More recently several studies have been made 
on the precipitation of the alkaline earth metal 
sulfate [1-7]. The crystallization of calcium sulfate 
has received considerable attention due to its 
application in many industrial fields as well as their 
involvement in a number of environmental 
processes. The factors that govern the mechanism 
of precipitation and dissolution of these sulfate 
salts are therefore of considerable interest, 
especially the influence of foreign additives which 
may exert a marked effect on the rates of 
crystallization and dissolution. For, instance, 
inhibition of the crystallization process may be 
required to prevent scale formation in pipes, 
boilers, heat exchangers, reactors, reverse osmosis 
membrane surfaces, cooling water systems 
secondary oil and gas recovery utilizing water 
flooding techniques and desalination evaporators 
[8-11].  
Liu and Nancollas [12] studied the 
crystallization kinetics of calcium sulfate dihydrate 
in the presence of ENTMP (ethylene diaminotetra 
methylenephosphonic acid) and TENTMP 
(triethylene diamine tetra methylenephosphonic 
acid) which markedly retarded the rate of 
crystallization. Recently, the precipitation of 
gypsum scale on heat exchanger surfaces from 
aqueous solutions in the presence of a variety of 
polymeric inhibitors have been examined as scale 
inhibitors. Amjad [9] found that the scale 
formation of gypsum on heat exchanger surfaces is 
strongly affected by polymer concentration, 
functional group and molecular weight. He et al. 
[13] indicating that the nucleation of calcium 
sulfate in sodium chloride solutions was inhibited 
by the addition of HDTMP hexamethylenediamine-
tetra (methylene phosphonic acid). The degree of 
inhibition was found to depend on the pH of the 
solution and the lattice ion molar ratio, in addition 
to the degree of super-saturation and temperature. 
In the present work, the influence of phosphoric 
acid, phosphates and polyphosphates , upon the 
rate of precipitation of calcium sulfate dihydrate 
(gypsum) from super-saturated solutions, has been 
investigated using the constant composition 
method. This method is particularly useful at very 
low saturation [14]. 
 
2. Materials & Methods 
Super-saturated solutions of calcium sulfate 
were prepared in triply distilled deionized water, 
using reagent grade (J.T.Baker) chemicals. 
Solutions were filtered (0.22 µ m, Millipore filters) 
before use. Metal ions concentrations were 
determined by passing aliquots through a cation-
exchange resin (Dowex 50) in the hydrogen form 
and titrating the eluted acid with standardized 
potassium hydroxide. Calcium chloride solutions 
were standardized also by ethylenediamine-tetra 
acetic acid (EDTA) titration. 
Seed crystals of calcium sulfate dihydrate were 
prepared similar to the crystals described [15], by 
dropwise addition of equemolare volumes of 
calcium chloride and sodium sulfate solutions 
at700C.The seeds were washed with saturated 
solutions of calcium sulfate dihydrate by 
decantation until free from chloride ion. The 
crystals were allowed to age for at least one month, 
until the specific surface area (SSA) reached a 
constant value before being filtered to obtain the 
dry crystals. Specific surface area was measured 
(0.42 m2/g) by nitrogen BET adsorption. The 
crystals were characterized as gypsum by x-ray 
powder diffraction. Particles size, measured with 
an Electrozone Celoscope particle counter, showed 
a mean size of 3.8±0.2 µm for 83% of the particles.  
The experiments were performed using constant  
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composition technique in 900 cm3 capacity double-
walled Pyrex glass vessel fitted with a Perspex lid 
with holes for the electrodes and for sampling. 
Before and after each experiment the combination 
electrode (9100 Herisau) was standardized with 
NBS buffers covering the pH range of interest. 
Variable speed Teflon stirrer, which was generally 
set at about 200 – 300 rpm. Calculated volumes 
from triply distilled deionized water, calcium 
chloride and sodium sulfate solutions were slowly 
mixed to achieve the desired super-saturations.  
The ionic strength was adjusted at 0.5 mol l-1 by 
the addition of sodium chloride.  The activities of 
calcium and sulfate ions were maintained constant 
by added titrant solutions consisting of calcium 
chloride, sodium sulfate and sodium chloride 
automatically to the cell. The rate of titrant addition 
was controlled by the EMF of a specific calcium 
ion electrode   (Orion 91 - 40 ) using pH-stat 
(Model 632 Methrom + Inapulsomat 614 + dosimat 
665 + Labograph 586). The pH of the working 
solutions was 8.50 ± 0.01. During experiments, the 
EMF remained constant ± 0.10 mV. The rate of 
precipitation was calculated from the rate of titrant 
addition. Aliquots of reaction mixture were 
withdrawn at regular time intervals and filtered 
through a 0.22 µm Millipore filter. The filtrate was 
analyzed for calcium ion by atomic absorption 
spectroscopy in order to verify the constancy of the 
concentrations (±1.0%). The solid phases collected 
during the experiment were investigated by x- ray 
diffraction and by scanning electron microscopy. 
 
3. Results & Discussion 
     The concentrations of ionic species in the 
solutions were calculated from mass-balance and 
electro-neutrality expressions as described 
previously [16], by successive approximation for, I, 
the ionic strength, using the thermodynamic 
equilibrium constant, K, for the various associated 
species. Activity coefficients were calculated from 
the extended form of the Debye-Huckel equation 
proposed by Davies [17]. 
 The relative super-saturation, σ , may be expressed 
by : 
     σ = (IP1/2 –Kso 1/2) /Kso1/2                                  (1)    
in which IP is the molar concentration product of 
calcium sulfate, [ Ca2+ ][SO42-], in the solution, and 
Kso is the solubility value at equilibrium at the 
same ionic strength. 
       For many sparingly soluble salts, MaAb , the 
rate of precipitation, normalized for seed surface 
area, can be explained by equ. 2, in which k is the 
growth rate constant, 
      R = d [ma Ab ] /dt  =  k s σn                             (2) 
S is proportional to the number of growth sites 
available on the seed crystals surface and n is the 
effective order of reaction. In general, the rates of 
precipitation and dissolution of alkaline-earth metal 
salts are markedly inhibited by the addition of 
certain additives [18-22]. Experiments in the 
presence of Na2HPO4, NaH2PO4 and H3PO4 
summarized in Table 1, shows that concentration 
as 30 x 10-6 mol l-1 for each additive reduced the 
precipitation rates by at least 63.62, 69.33 and 
79.80 %, respectively. Compared to that in pure 
solution at the same relative super-saturation σ = 
1.32. Typical plots of the rate of precipitation of 
gypsum in the presence of inhibitors are shown in 
Fig.1. The precipitation rate of calcium sulfate 
dihydrate in the presence of additives molecules 
decreases with the successive additions of 
inhibitors. It can be seen that, the order of the 
degree of inhibition is: H3PO4 > NaH2PO4 > 
Na2HPO4, at the same relative super-saturation. 
Crystal growth inhibitors are able to retard or 
blocked the crystallization process even if added in 
trace amounts. 
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Scanning electron micrograph for gypsum crystal 
in absence and presence of H3PO4 and PYP as 
additive has given in Fig.2, a(1), a(2) and a(3), 
respectively, shows that the marked difference in 
the crystal needles; in absence and the presence of 
PYP and H3PO4, the crystals are much shorter.  
The effectiveness of inhibitors can explained either  
by  complexation  of  the  inhibitor,   usually a 
chelating or sequestering agent, with the lattice 
cation, or by adsorption of the additives at active 
sites on the crystal surfaces and some times may be  
both mechanisms can exist at the same time. The 
latter effect may be interpreted in terms of the 
Langmuir adsorption isotherm [23]. This requires a 
linear relation ship between the inverse of the 
relative reduction in rate, R0 / ( R0 - Ri ), and the 
reciprocal of the inhibitor concentration, according 
to the relationship : 
      R0 / ( R0 – Ri ) = 1+ 1 / KC                           (3) 
Where R0 and Ri are the rate of precipitation in the 
absence and presence of inhibitor, respectively. 
The applicability of the Langmuir model is 
demonstrated by the linearity of the plots in Fig.3. 
The adsorption, affinity constant, KL, given by the 
inverse slop of the lines in Fig.3 are 12.72, 13.87 
and 20.70 x 104 l mol-1 for Na2HPO4 , NaH2PO4 
and H3PO4,respectivly. These values reflect the 
high adsorption affinity at the same relative super-
saturation σ = 1.32 in order: H3PO4 > NaH2PO4 > 
Na2HPO4 , which is the same order of reactivity of 
phosphate related to kinetic study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table1. Precipitation of calcium sulfate dihydate in the presence of some 
phosphatea. 
 
Additive x 106 
mol.l-1 
Rate x 106 
mol.min.-1m-2 
% 
Inhibition 
0 
1 
5 
10 
15 
30 
1 
5 
10 
15 
30 
1 
5 
10 
15 
30 
1 
5 
10 
15 
30 
1 
5 
10 
15 
30 
--- 
Na2HPO4 
Na2HPO4 
Na2HPO4 
Na2HPO4 
Na2HPO4 
NaH2PO4 
NaH2PO4 
NaH2PO4 
NaH2PO4 
NaH2PO4 
H3PO4 
H3PO4 
H3PO4 
H3PO4 
H3PO4 
PYP  
PYP 
PYP 
PYP 
PYP 
HMP 
HMP 
HMP 
HMP 
HMP 
1.490 
1.304 
1.128 
0.911 
0.751 
0.542 
1.234 
1.022 
0.785 
0.635 
0.457 
1.102 
0.868 
0.611 
0.467 
0.301 
1.415 
1.278 
1.093 
0.980 
0.770 
1.365 
1.195 
1.001 
0.831 
0.640 
--- 
12.48 
24.30 
38.86 
49.60 
63.62 
17.18 
31.41 
47.32 
57.38 
69.33 
26.04 
41.75 
58.99 
68.66 
79.80 
5.03 
14.23 
26.64 
34.27 
48.32 
8.39 
19.80 
32.82 
44.23 
57.05 
a ionic strength = 0.5, σ = 1.32, pH=8.5, 250C, amount of seed = 50 mg. 
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Fig. 2.   SEM of gypsum crystals: a (1) in 
the absence of additives, a (2) in the 
presence of H3PO4, a (3) in the presence 
of PYP. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The factors that might govern the efficiency of 
a phosphate could be gained by a comparison of the 
dissociation constant values of these phosphate 
[24,25] as given in Table 2. These values fall in the 
following order : H3PO4 > NaH2PO4 ,Na2HPO4, 
which is the same order of reactivity in inhibiting 
the precipitation rate of gypsum crystals. 
 
 
 
 
 
 
 
 
 
 
Therefore the order of increasing reactivity of 
phosphates is related to its Ka value. The negatively 
charged of phosphate ions will be strongly attracted 
by the positively charged of calcium ions on the 
surface of calcium sulfate dihydrate crystals, a 
R
at
e 
x 
10
7  m
ol
.m
in
.-1
m
 -2
 
[additive] x 106 mol. l-1 
 
Fig.1. Plot of precipitation rates of gypsum against [additives] in the presence 
Na2HPO4    (    ), NaH2PO4 ( ), H3PO4 (  ), PYP (   ) and HMP (  ). 
Table2. Dissociation constants of some 
phosphates at 250C 
Phosphate 
 Ka mol.l
-1 
H3PO4 H++ H2PO4- 
H2PO4 H++ HPO4--- 
HPO4 H++  PO4--- 
H2O H++ OH-        
7.11 X 10-3 
6.30 X 10-8 
4.73 X 10-13 
1.004 X 10-14 
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situation which inhibits further precipitation. This 
suggestion is supported by the fact that H3PO4 
showed maximum inhibition of precipitation of 
gypsum and at the same time possesses the 
maximum degree of ionization among the present 
phosphates under the experimental conditions. 
At the crystallization of gypsum in the 
presence of phosphate, another stable form occurs 
sometimes, its named ardealite and has the 
composition Ca2HPO4SO4.4H2O. Phosphate as 
brushite traps very small amounts of sulfate while 
gypsum is able to include phosphate to greater 
extent .Both crystal structures are made of HPO42- 
and SO42- tetrahydrate linked by calcium and water 
molecules. Since till now, there was no systematic 
study on the occurrence nature and composition of 
the solid phases in the brushite- water- gypsum 
system (26). 
The influence of polyphosphates such as 
sodium pyrophosphate (PYP) and sodium 
hexametaphosphate (HMP) on the precipitation rate 
of gypsum from sodium chloride super-saturated 
solutions are given in Table 1. Table 1 shows that 
concentration as 30 x 10-6 mol.L-1 for each additive, 
reduced the precipitation rates by at least 48.32 and 
57.05 %, at the presence of PYP and HMP, 
respectively, compared to that in pure solution at 
the same relative super-saturation. Fig. 1, shows 
that the rate of precipitation of gypsum decreases 
with successive addition of additives. Table 1 and 
Fig. 1 show that HMP at all polyphosphate 
concentrations retard the precipitation rate of 
gypsum more than PYP at the same degree of 
super-saturation. Kinetic data for the inhibition of 
precipitation rate of calcium sulfate dihydrate in the 
presence of some polyphosphate suggest that the 
inhibition will be more effective as the chain length 
of additive increases. As noted for the 
crystallization of dicalcium phosphate dihydrate 
and calcium fluoride by Amjad [27, 28], the 
effectiveness of the polyphosphate as an inhibitor is 
dependent on the chain length. Plots according to 
equ.3 are shows in Fig.3 for gypsum crystal growth 
in the presence PYP and HMP, give an affinity 
constant as 9.66 and 11.41 x 104 l mol-1 for PYP 
and HMP, respectively. Experimental data show 
that the degree of inhibition of gypsum in the 
presence of these additives in order:                
H3PO4 > NaH2PO4 > Na2HPO4 > HMP > PYP. 
In order to investigate the influence of the 
crystallization driving force upon the degree of 
inhibition, experiments have also been performed 
in the presence of H3PO4 at different relative super-
saturation. Experimental data indicate that the 
degree of inhibition by H3PO4 increases with 
decreasing driving force for crystal growth. The 
values of the adsorption affinity constants are 
9.30x104, 14.34x104 and 20.70x104 l. mol-1 at 
relative super-saturation, σ = 2.49, 1.79 and 1.32, 
respectively. These values reflect the high 
adsorption affinity at low super-saturation of 
gypsum in the presence of H3PO4 .   A similar 
dependence of the degree of inhibition with change 
in degree of saturation has been observed for the 
influence of cadmium ions on the rate of 
crystallization of gypsum [29]. As noted for the 
crystallization of gypsum by van Rosmalen and co-
workers [18], the effectiveness of additive as an 
inhibitor is dependent on the degree of super-
saturation. 
The marked dependence upon degree of 
saturation, σ, the effectiveness of growth inhibitors 
has important consequences in assessing the 
usefulness of these compounds for industrial 
applications such as the control of scale.   
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4. Conclusion 
The analysis of the results shows that the 
presence of some phosphates and polyphosphates at 
low concentrations can inhibit the precipitation rate 
of gypsum. The inhibitory effect of these additives 
may be explained by adsorption of inhibitors at 
growth sites on the surface of gypsum crystals. The 
degree of inhibition may be depending on the 
concentration of inhibitors and degree of saturation. 
Moreover, the complete inhibition of precipitation 
of gypsum was not observed in any concentration 
of these additives and degree of saturation. 
According to the kinetic data, the effectiveness of 
the inhibitors follows the order: H3PO4 > NaH2PO4 
> Na2HPO4 > HMP > PYP.     
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